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A phase sensitive photodiode is fabricated on a thin 380 nm silicon layer with a subwavelength
670 nm period grating. Optical absorption of the photodiode is enhanced by guided resonance of
the grating to approximately 81% at the incident angle of 34.6° under TE polarization. Utilizing
light beams impinging at the angles with enhanced sensitivities, a phase of two beams interfering in
the silicon layer is precisely detected. The compact structure of the proposed detector can be used
in several microinterferometers and integrated optics. © 2007 American Institute of Physics.
DOI: 10.1063/1.2749180
Interferometric phase measurements provide a common
technique in optical science and engineering. Precise and ef-
ficient sensing of the phase is essential for several instru-
ments such as displacement sensors, gyroscopes, and phase
imaging systems.1–4 In general, a beam recombiner half-
mirror and a photodetector are used in the interferometric
phase measurements. In the micro-optical systems, however,
a compact phase sensor is preferable for integration on a
chip.5
A thin silicon photodiode is an excellent detector with a
very fast response in spite of the low absorption of silicon.
Silicon waveguide photodiode with a grating coupler was
reported for a high speed detector.6 Moreover, a photodiode
thinner than the incident wavelength was also studied for the
detection of optical standing wave.7,8 However, due to the
low absorption coefficient of silicon and the decoupling of
the guided wave from the coupler grating, it is not always
easy to optimize the design of thin silicon photodiode.
Resonant grating has an important role for confining and
selecting the light wave in the waveguide layer.9 As an effi-
cient reflection-type optical filter, guided-mode resonant
grating GRG has been studied intensively in the last
15 years.10–12 A similar phenomenon has also been explored
in the research on silicon photonic crystal PC slabs with a
coupling to a free space wave. However, there are few re-
ports on GRG and PC slabs combined with photodiode.13
In this letter, a thin silicon photodiode with a GRG is
fabricated for an effective phase sensitive detector. The high
absorption property of the silicon photodiode by GRG is also
theoretically examined.
Figure 1 shows the schematic diagram of the proposed
phase sensitive photodiode. Here, we assume that two plane
waves impinge on the photodiode at an angle of , as shown
in Fig. 1. The light diffracted by the grating propagates in the
thin silicon photodiode layer since the refractive index of the
silicon layer is higher than the surrounding layers. The grat-
ing acts to couple the incident light to the silicon layer. The
two waves in the silicon layer interfere with each other. The
interfering light intensity is detected by the silicon photodi-
ode to measure the phase between the two waves. From the
theoretical calculation described below, the intensity varies
sinusoidally with the increase of the phase difference be-
tween the two incident waves, and thus the phase difference
is derived by the arcsine function. Since the proposed detec-
tor consists of a simple silicon layer with a grating, it is
compact enough to be installed in any micro-optical system.
The proposed sensor consists of a photodiode layer on a
SiO2 insulating layer and a HfO2 dielectric resonant grating.
Aluminum electrodes as contact are also formed on the pho-
todiode. The photodiode is formed in the p-type 380 nm
thick top-silicon layer of a silicon-on-insulator wafer with a
1 m thick buried oxide layer. The p-type and n-type re-
gions for the p-n junction are formed laterally with a doping
period of 20 m. A resonant grating is made of HfO2 trans-
parent dielectric material on a 50 nm thick passivation SiO2
layer for the silicon photodiode. The 220 nm thick grating
has a period of 670 nm and a duty ratio of 0.5, as shown in
Fig. 1. The refractive indices of HfO2 and SiO2 are 1.89 and
1.45 at wavelengths around 783 nm, which is the light
source wavelength in this experiment.14 It is noted that the
complex refractive index of silicon is 3.706+ i0.007 at the
wavelength. Therefore, the light wave is confined in the sili-
con layer due to the difference of refractive indices although
the light wave is absorbed in the silicon layer.
In designing the proposed detector that is different from
a simple waveguide coupler, the following points are opti-
mized. In the case of a simple waveguide coupler, the inci-
dent light wave is diffracted into the waveguide and propa-
gates in the waveguide by internal reflection. Some light are
decoupled by the grating. If the grating and waveguide are
optimized to obtain a high reflection of the decoupled wave
in a narrow wavelength region, a high efficient optical filter
based on the guided-mode resonance can be obtained.11 In
aElectronic mail: choi@hane.mech.tohoku.ac.jp FIG. 1. Schematic diagram of the phase sensor.
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the proposed device, the light wave is designed to be ab-
sorbed well in the silicon waveguide layer in spite of its long
absorption length 15 m. Since the absorption length is
much larger than the wavelength, we may utilize the multi-
reflection due to the guided-mode resonance to improve the
low absorption efficiency. Furthermore, the two incident
waves should interfere efficiently without depending on the
positions of incident waves. For the high interference effi-
ciency, it is better to confine the wave in a small region such
as a single mode guided wave.
We investigate the optical absorption in the top-silicon
layer using the rigorous coupling-wave analysis.15 By chang-
ing the thickness and period of the grating, the thickness of
the silicon layer, and the wavelength and angle of incident
light, efficient absorption and detection of the phase are in-
vestigated. Consequently, we found a resonant absorption
condition similar to the guided-mode resonant reflection.
Figure 2a shows the reflectance, transmittance, and absor-
bance of the proposed device as a function of the angle of
incident light at the wavelength of 783 nm with the grating
and layer profiles shown in Fig. 1. Transverse electric TE
polarized incident light is assumed. Under an optimum con-
dition, absorption of the incident light is maximized to be
81% at  of 34.6°, which is approximately 35 times higher
compared to the thin silicon photodiode without the grating
at the same incident angle. The reflected and transmitted
lights are minimized to be about 13.4% and 5.6%, respec-
tively, under the condition. We also examined the absorption
and reflection as a function of the wavelength. They varied
oscillationally and complexly with the increase of the wave-
length. The condition for a high reflection by the guided-
mode resonance was the same as that for the high absorption
except the widths of resonance, if we assumed no absorption
of silicon.
The light propagating in the silicon layer has been cal-
culated with the help of the finite-difference time-domain
method. Distributions of the electric field amplitude around
the silicon layer are shown in Figs. 2b and 2c. Figure 2b
shows the result calculated at the condition that the phase
difference  between the two light beams is zero. The elec-
tric field amplitude calculated under the condition = is
shown in Fig. 2c. The wave is multiply reflected and inter-
feres constructively and destructively, depending on whether
the waves are in phase or out of phase with each other in the
thin silicon layer. In fact, the absorption length needed to
absorb about 80% of the incident light is approximately
15 m. The guided resonance effect increases the sensitivity
although the silicon layer is 380 nm thick. Because of the
symmetry, the resonance also occurs at  of −34.6°. When
the two light beams impinge at = ±34.6°, as shown in Fig.
1, the resonant electric fields interfere with each other and
generate a standing wave in the silicon layer. The confined
light by the guided resonant effect is localized along the
silicon layer under in phase interference, as shown in
Fig. 2b, which agrees well with the condition of maximum
absorbance shown in Fig. 2a. In the case of =, a weak
electric field is generated by the out of phase interference.
From these calculations, strongly enhanced photocurrents
and high contrast interference are expected in the p-n junc-
tion region due to the guided resonance effect.
Figures 3a and 3b show the scanning electron micro-
graph and optical micrograph of the fabricated phase sensor,
respectively. The active area of the resonant grating is
8001800 m2 with the p-n junction region of
10002000 m2. The grating is patterned using a lift-off
process by electron beam lithography and HfO2 evaporation.
The lift-off process, instead of the etching process, increased
the fabrication yield. Although the cross-sectional profile of
the grating is trapezoid, a 670 nm period grating with
230 nm height and 50% duty ratio is fabricated well, as
FIG. 2. Color online Absorbance, reflectance, and transmittance in the thin
silicon layer calculated as a function of the incident angle. b and c
Cross-sectional distribution of the electric field amplitude at the phase dif-
ferences of 0 and , between the two incident light beams, respectively.
FIG. 3. Color online a Cross-sectional image of the fabricated photodi-
ode. b Impurity doped pattern for lateral p-n junction.
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shown in Fig. 3a. It is known that the absorption coefficient
is significantly increased in silicon highly doped with arsenic
ions.16 The increase of the absorption coefficient decreases
the resonance effect due to the quick absorption of the inci-
dent light. Thus, the BF2 molecular ions and phosphorous
ions are moderately implanted at doses of 11015 cm−2 at
50 keV and 11015 cm−2 at 100 keV to the p and n regions
periodically with 10 m doping width, respectively, as
shown in Fig. 3b. The laterally formed comb-shaped p-n
junction was more easily fabricated than the vertical p-n
junction because of the shallow junction in the thin silicon
layer.
The photodiode sensitivity was measured using a semi-
conductor laser at a wavelength of 783 nm and 300 W
power under TE polarization. A reverse bias voltage of 3 V
was applied for the photocurrent measurement. The dark cur-
rent was 250 nA at −3 V. First, we investigated the reflected
light power as a function of . Only 20% of the incident light
is reflected at  of 35°. This value is nearly equal to the
calculated reflectance, as shown in Fig. 2a. Figure 4a
shows the measured photocurrent as a function of  at the
wavelength of 783 nm and 300 W. Photocurrents are en-
hanced in the ranges from of 30° to 40°. The photocurrent is
approximately four times larger at 33° than that without the
grating, as illustrated in Fig. 4a. Although the comparison
in absolute values between the calculated absorbance and
photocurrent was difficult, we obtained the photocurrents en-
hanced by resonant effect at  around 35°, which agrees well
with the theoretical calculation shown in Fig. 2a. At the
resonant condition, the quantum efficiency was evaluated to
be 9.5% at 783 nm from the measured photodiode responsiv-
ity 60 mA/W which is lower than that of the conventional
silicon photodiode. However, in the case of a thin photodi-
ode, the efficiency is comparable with that in Ref. 6 and
much better than that in Ref. 7. The reason for the low effi-
ciency may be caused by the crystal defects in the thin sili-
con layer and the low collection rate of photoelectrons. The
quantum efficiency will be improved by optimizing the pe-
riod of p-n junction and ion doping process.
We have carried out the phase measurement using the
fabricated device with two beams incident at  of 35.7°, as
shown in Fig. 1. The two light beams at  of 35.7° were
generated by a transmission diffraction grating with a
1.34 m period and 783 nm laser. The two beams with
600 m diameter were TE polarized and impinged on the
photodiode. The photocurrents were measured when the
phase shift between the two diffracted beams was introduced
by moving the diffraction grating laterally with a precise
linear actuator. From the measured sinusoidal wave form, the
phase difference between the two beams was derived. The
measured phase is shown in Fig. 4b as a function of the
phase set by the position of the diffraction grating. It can be
seen that the measured phase is in good agreement with that
introduced by the displacement of the grating.
In conclusion, a phase sensitive photodiode was de-
signed and fabricated. The photoresponse was enhanced at
the incident angles corresponding to the guided resonance.
The phase between the two beams was measured by a simple
optical configuration. The measured phase agreed well with
theoretical value. Our results are expected to have an impor-
tant role in precise linear displacement sensing as well as be
an efficient photodetector in microinterferometer.
1K. X. Sun, M. M. Fejer, E. Gustafson, and R. L. Byer, Phys. Rev. Lett. 76,
3053 1996.
2P. L. Phillips, J. C. Knight, J. M. Pottage, G. Kakarantzas, and P. St. J.
Russell, Appl. Phys. Lett. 76, 541 2000.
3S. T. Lin, Opt. Eng. Bellingham 40, 822 2001.
4M. J. Holland and K. Burnett, Phys. Rev. Lett. 71, 1355 1993.
5R. Sawada, E. Higurashi, T. Ito, O. Ohguchi, and M. Tsubamoto,
Appl. Opt. 38, 6866 1999.
6S. M. Csutak, S. D. Murthy, and J. C. Campbell, IEEE J. Quantum Elec-
tron. 38, 477 2002.
7M. Sasaki, X. Mi, and K. Hane, Appl. Phys. Lett. 75, 2008 1999.
8H. Stiebig, H. Büchner, E. Bunte, V. Mandryka, D. Knipp, and G. Jäger,
Appl. Phys. Lett. 83, 12 2003.
9D. Rosenblatt, A. Sharon, and A. A. Friesem, IEEE J. Quantum Electron.
33, 2038 1997.
10S. S. Wang and R. Magnusson, Appl. Opt. 32, 2606 1993.
11P. S. Priambodo, T. A. Maldonado, and R. Magnusson, Appl. Phys. Lett.
83, 3248 2003.
12T. Kobayashi, Y. Kanamori, and K. Hane, Appl. Phys. Lett. 87, 151106
2005.
13S. Fan and J. D. Joannopoulos, Phys. Rev. B 65, 235112 2002.
14E. D. Parik, Handbook of Optical Constants of Solids Academic,
New York, 1985, Vol. 1, p. 749.
15M. G. Moharam and T. K. Gaylord, J. Opt. Soc. Am. 71, 811 1981.
16P. E. Schmid, Phys. Rev. B 23, 5531 1981.
FIG. 4. a Photocurrent measured as a function of incident angle with and
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determined by grating position.
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